During the aging process, mammals lose up to a third of their skeletal muscle mass and strength. Although the mechanisms underlying this loss are not entirely understood, we attempted to moderate the loss by increasing the regenerative capacity of muscle. This involved the injection of a recombinant adeno-associated virus directing overexpression of insulin-like growth factor I (IGF-I) in differentiated muscle fibers. We demonstrate that the IGF-I expression promotes an average increase of 15% in muscle mass and a 14% increase in strength in young adult mice, and remarkably, prevents aging-related muscle changes in old adult mice, resulting in a 27% increase in strength as compared with uninjected old muscles. Muscle mass and fiber type distributions were maintained at levels similar to those in young adults. We propose that these effects are primarily due to stimulation of muscle regeneration via the activation of satellite cells by IGF-I. This supports the hypothesis that the primary cause of aging-related impairment of muscle function is a cumulative failure to repair damage sustained during muscle utilization. Our results suggest that gene transfer of IGF-I into muscle could form the basis of a human gene therapy for preventing the loss of muscle function associated with aging and may be of benefit in diseases where the rate of damage to skeletal muscle is accelerated.
One of the primary consequences of aging, which leads to significantly impaired function in the elderly population, is the loss of skeletal muscle strength and mass (1) . Both decrease up to one-third in humans between the ages of 30 and 80 years (2) . In addition, loss of the fastest, most powerful muscle fiber types (type IIb fibers) has been documented (3). Similar age-related muscle alterations have been observed in rats and mice, indicating that the trend is maintained in other mammalian species (4, 5) .
Insulin-like growth factor I (IGF-I) is critical in mediating the growth of muscle and other tissues (6) . Systemic administration of IGF-I results in increased muscle protein content and reduced protein degradation (7) . Moreover, overexpression of IGF-I has been correlated with muscle hypertrophy in transgenic mouse lines (8) . With aging there is a decrease in the production and activity of the growth hormone͞IGF-I axis that leads to an increase in catabolic processes (1) , and is exhibited by the age-related loss of muscle mass and strength. The prevention of muscle mass loss has been achieved in healthy individuals by growth hormone administration, and it is associated with increases in IGF-I levels (9) . However, these studies failed to show functional hypertrophy: no change in muscle strength was demonstrated. Thus although there are clear indications that local expression of IGF-I in skeletal muscle might maintain muscle mass in elderly individuals, it is unclear if muscle function can be preserved. To test whether IGF-I expression can prevent aging-related loss of muscle mass and function, we utilized virus-mediated gene transfer of an IGF-I cDNA regulated by a powerful muscle-specific promoter [the myosin light chain 1͞3 promoter͞enhancer (10) ]. Recombinant AAV (rAAV) was chosen as the gene delivery vehicle for this study based on its ability to achieve persistent expression in differentiated muscle without an immune response (11, 12) . Furthermore, it has been shown that rAAV can transduce mature myotubes or adult muscle fibers, but not satellite cells (11, 12) . Based on the ability of IGF-I to activate satellite cells (muscle stem cells) in culture (13), we hypothesized that IGF-I overexpression and secretion by muscle fibers might activate surrounding satellite cells and promote an increase in muscle mass. Because the ultimate goal of any therapy would be to either restore or maintain forcegenerating capacity of skeletal muscle, we compared the functional properties of virus-injected and control muscles.
MATERIALS AND METHODS
Viral Construct. Fig. 1a shows a schematic of the IGF-I construct. An AAV transfer plasmid (pSUB201) was constructed that contained a myosin light chain 1͞3 promoter͞ enhancer [which drives expression in differentiated fast-twitch muscle fibers (10) ], the rat IGF-IA cDNA (14) , simian virus 40 polyadenylation signal, and the inverted terminal repeats necessary for viral packaging. rAAV was prepared by University of North Carolina Gene Therapy Vector Core (Chapel Hill, NC), following published procedures (15) .
Injections. All experiments involving animals were approved by University of Pennsylvania's Animal Care and Use Committee. Anesthetized C57BL͞6 mice of 2, 18, and 24 months of age were injected with 100 l of 10% glycerol͞PBS containing Ϸ10 10 rAAV particles into the interstitial space of the anterior muscle compartment of the right hind limb. Preliminary experiments with vital dye (0.1% Evans blue) injections into the same compartment showed that the injected solution was localized to the anterior compartmental muscles. Muscles within the anterior compartment were bathed in the virus solution for a sufficient time such that viral particles could be endocytosed into the adult muscle fibers. The anterior compartment contains the extensor digitorum longus (EDL), the muscle that was examined for the effects of viral transgene (IGF-I) expression. Once the mice regained con-sciousness they were returned to the animal facility until further study.
Mechanical Measurements. Approximately 4-9 months after viral injection, mice were killed by cervical dislocation under anesthesia, and EDL muscles were removed for isolated muscle force measurements. The tendons were attached to a rigid post and to an isometric force transducer in a bath of Ringer's solution gas-equilibrated with 95% O 2 ͞5% CO 2 . Optimum length of the muscle was determined by twitch force from supramaximal stimulation. Maximal tetanic force was determined by using a 120-Hz 500-msec pulse and was delivered via two parallel platinum plate electrodes. After force measurements were completed, the muscles were removed from the bath, blotted, and weighed (muscle mass measurements were based on wet weight). They were then pinned at optimum length, surrounded by embedding compound (TissueTek), and rapidly frozen in melting isopentane. Muscles were stored at Ϫ80°C for subsequent analysis.
Detection of Transgene Expression. Reverse transcription-PCR was used to detect the presence of IGF-I transcripts in injected muscles. Total RNA isolated from frozen tissue (RNAqueous) was subjected to reverse transcription and PCR (Perkin-Elmer) using oligonucleotides specific for rat IGF-I (TGCTCACCTTTACCAGCTCGG, sense primer; GCCCG-GATGGAACGAGCTGACT, antisense primer). Primers that amplified ␤ cytoplasmic actin (CLONTECH) served as a positive control for the procedure.
Myosin Heavy Chain Composition. Immunohistochemistry was used to determine neonatal and type IIb myosin heavy chain composition (16) . Primary antibody dilutions were as follows: type I myosin (BA-F8), 1:50; type IIa myosin (SC-71), 1:10; type IIb myosin (BF-F3), 1:3; neonatal myosin (BF-34), 1:10. 7-Amino-4-methylcoumarin-3-acetic acid-conjugated, goat anti-mouse IgM antibodies and donkey anti-mouse IgG (heavy and light chains) (Jackson ImmunoResearch, West Grove, PA) were used as secondary antibodies. Microscopy was performed on a Leitz DMR microscope (Leica). Image acquisition and analysis was carried out using a MicroMAX digital camera system (Princeton Instruments, Princeton, NJ) and imaging software. Fig. 1b illustrates expression of the myosin light chain-driven IGF-I mRNA resulting from direct muscle injection of the recombinant AAV shown schematically in Fig. 1a . The expression persisted for as long a period as we examined; for mice examined at 27 months of age, after injection at 18 months of age, this represented 9 months of continued expression. The effects of this IGF-I expression on muscle morphology can be seen in Fig. 2 in hematoxylin͞eosin-stained muscle cross sections (17) . In young adult mice (examined at 6 months of age after injection at 2 months of age), average mass of the EDL muscle increased by 15%. Central nuclei were visible in the muscle fibers, indicative of ongoing regeneration (18) . The presence of neonatal myosin provided further evidence of regeneration, because satellite cells recapitulate the progression through the series of developmental myosin heavy chain isoforms when they are activated and fuse with existing muscle fibers (19) . In the case of the old mice examined at 27 months of age, after injection at either 18 or 24 months of age, the muscle mass increased 19% compared with age-matched control muscles. Thus the normal decrease of muscle mass associated with aging (15% in mice) was prevented by viral administration of IGF-I (Fig. 3) . As in the young animals, central nuclei were evident 4 months after viral injection in the old animals. However, no central nuclei were observed at 9 months after injection, even though IGF-I expression was maintained (Fig. 1 ). This suggests that the muscles eventually reach a new steady state where regeneration is no longer evident. In both young and old animals when central nuclei are observed, they are in normal sized or larger fibers that also contain peripheral nuclei (see Fig. 2 A Lower Right) . Thus it appears that the satellite cells fuse with existing fibers, rather than forming new fibers.
RESULTS AND DISCUSSION
From a functional standpoint, the effects of the viral IGF-I expression were dramatic in extent. In the young experimental animals, the increase in muscle mass and cross-sectional area translated into increased force production (isometric force increased by 14%), without any changes in fiber number (control, 726 Ϯ 54; ϩIGF-I, 785 Ϯ 96), fiber types (Fig. 4) or other contractile parameters. Thus IGF-I expression induced hypertrophy of individual fibers with concomitant increases in force. In the old animals, the results of viral IGF-I expression were even more remarkable. Increases in force generation observed in experimental muscles was greater than the increase in cross-sectional area (27% vs. 15%, respectively). This is due to the fact that reduction in the specific force (force per cross-sectional area), which is typical of aging skeletal muscle, has been prevented by IGF-I expression (Fig. 3) . Furthermore, viral IGF-I expression completely prevented the significant loss of the fastest, most powerful fiber types (IIb fibers) seen in the uninjected control old EDL muscles (Fig. 4) . Thus, two important hallmarks of aging muscle were prevented by viral IGF-I administration.
The effects of the IGF-I production were local. Average circulating IGF-I levels were not elevated (248 Ϯ 19.5 ng͞ml plasma for an uninjected mouse; 217 Ϯ 46.5 ng͞ml plasma for an AAV͞IGF-I-injected mouse), and the muscles of contralateral limbs of animals receiving single limb injections were indistinguishable from muscles of uninjected animals. This is an important advantage of the AAV delivery system, because elevation of IGF-I levels in the blood could lead to undesirable effects in other tissues (20) . The mechanism by which IGF-I is restricted is unclear; it could be that the muscle extracellular matrix traps all secreted IGF-I, or that IGF-I is incapable of gaining access to the blood if secreted from muscle. On the other hand, past failures of increased circulating levels of IGF-I to markedly improve muscle function (9) may have resulted either from an inability to sufficiently elevate local concentrations of IGF-I in muscle, or from a failure of the circulating IGF-I to gain access to and activate satellite cells.
In contrast, we hypothesize that the mechanism by which the virus-mediated muscle fiber secretion of IGF-I prevents agingrelated loss of function is, at least in part (beyond its general anabolic effects), through the activation of satellite cells that The uninjected leg of each animal served as the control (defined as a value of 1) for the injected leg (expressed relative to the control value). Thus muscle mass (wet weight) and isometric tetanic force of AAV-injected muscles were expressed relative to the same measurements in the contralateral control muscle from the same animal. The average relative value (n ϭ 5) for the injected limbs is plotted (ϮSEM). Asterisks denote a P Ͻ 0.05 for paired comparisons (Student's t tests) between AAV-injected and control muscles.
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Proc. Natl. Acad. Sci. USA 95 (1998) 15605 leads to increased rate of muscle repair. Although further experiments will be required to validate this hypothesis, the following observations form the basis for our proposal. During muscle regeneration, IGF-I levels have been shown to increase (21) . Additionally, it is known that IGF-I activates satellite cells in culture, increasing the rate of cellular proliferation and formation of myotubes, ultimately resulting in hypertrophied myotubes (13) . Muscles in which satellite cells have been destroyed by irradiation fail to hypertrophy in response to chronic overload, suggesting that activation of satellite cells is essential for normal hypertrophy (22) . IGF-I-induced satellite cell activation in our experimental muscles is supported by the appearance of central nuclei and developmental myosin expression 4 months after viral infection. Furthermore, the DNA content of the muscles (23) increased in excess of the increase in muscle mass (28% increase in DNA content vs. 15% increase in mass). The outcome is preservation of both muscle strength and mass, and prevention of loss of the fastest fiber types (IIb). Based on these results, we further hypothesize that the primary cause of the aging-related loss in strength that precedes, and is in excess of, the loss of muscle mass, is a failure to activate satellite cells to repair cumulative injury that results from normal muscle use. The prevention of type IIb fiber loss is intriguing, as it has been proposed that the loss of those fibers during senescence results from the death of the motor neurons that innervate them (24) . However, it is unclear if the motor neuron loss is a primary event or a secondary consequence of the inability of fast motor neurons to compete with slow motor neurons for innervation of regenerating fibers (25) . We cannot discern between an indirect mechanism of fast (IIb) motor neuron preservation via the stabilization of their targets, the fast IIb fibers, or a direct action of IGF-I on the motor neurons to enhance their survival (26) . Either mechanism could contribute to the preservation of fiber type distribution in aging muscle that we have observed.
Previously, we have suggested that failure to adequately repair muscle damage resulting from increased susceptibility to contraction-induced injury underlies the loss of muscle function in muscular dystrophies (27) . It is noteworthy that aging-related changes in skeletal muscle mirror the early functional changes that are seen in muscular dystrophy, albeit on a much slower time scale. Just as in the muscles of old mice, the muscles of the mouse model of Duchenne muscular dystrophy (the mdx mouse) show both decreased force per cross-sectional area and preferential loss of IIb fibers (28) . These considerations suggest that IGF-I expression in dystrophic muscle (perhaps in milder dystrophies than Duchenne), although not addressing the primary defect that results in increased susceptibility to injury, could increase the rate of regeneration and thereby tend to preserve muscle function.
Functional deficits associated with the aging process likely derive from different sources depending upon the cell type and tissue in question. Certainly the age-dependent loss of function in postmitotic cells is fundamentally different in nature from the aging problems associated with replicating cell populations. In the case of skeletal muscle, where normal maintenance of function involves repeated cycles of injury and satellite cell-mediated repair, loss of function can come from either increased susceptibility to injury of the muscle fibers or decreased ability to repair the fibers (i.e., failure to activate satellite cells) or a combination of both. The results of this study demonstrate that IGF-I overexpression in muscle can preserve the morphological and functional characteristics of the skeletal muscles of old mice such that they are equivalent to those of young adult muscles. An important component of the mechanism by which this is achieved appears to be enhanced muscle regeneration through the activation of sat- FIG. 4 . Maintenance of IIb fibers in muscle of old (27 month) mice by IGF-I expression. The loss of IIb fibers normally associated with aging was prevented by IGF-I expression in 27-month-old mice (n ϭ 7). No effect on fiber type distribution by IGF-I expression was observed in muscles of 6-month-old mice (n ϭ 5). Asterisks denote a P Ͻ 0.05 for comparisons (Student's t tests) to young adult control muscles. Fiber types were determined as described by Schiaffino and Salviati (16) .   FIG. 3 . Effect of IGF-I expression in EDL muscles of old (27 month) mice. (Left) Average (ϮSEM) muscle mass (n ϭ 7); (Center) average (ϮSEM) tetanic force (n ϭ 7); (Right) average (ϮSEM) specific force (n ϭ 7). For determination of force per cross-sectional area (specific force), cross-sectional area was estimated using muscle mass and optimum muscle length (5). Asterisks denote a P Ͻ 0.05 for comparisons (Student's t tests) to young adult control muscles.
ellite cells by IGF-I secreted from the infected muscle fibers. This approach may form the basis for gene therapy for both aging-related loss of muscle function and impairments associated with muscle disease. However, this work raises a number of ethical considerations about the use of IGF-I in gene therapy, as its beneficial effects could be used in humans for athletic or cosmetic purposes, rather than for disease treatment.
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